a β-Diketiminates are widely used supporting ligands for building a range of metal complexes with different oxidation states, structures, and reactivities. This Perspective summarizes the steric and electronic influences of ligand substituents on these complexes, with an eye toward informing the design of new complexes with optimized properties. The backbone and N-aryl substituents can give significant steric effects on structure, reactivity and selectivity of reactions. The electron density on the metal can be tuned by installation of electron withdrawing or donating groups on the β-diketiminate ligand as well. Examples are shown from throughout the transition metal series to demonstrate different types of effects attributable to systematic variation of β-diketiminate ligands.
Introduction
The properties and reactions of metal complexes are highly dependent on the choice of supporting ligand, and this choice is one of the keys to successful coordination chemistry. Since its introduction in 1968, [1] [2] [3] the β-diketiminate (often called "NacNac" because of its addition of two Nitrogen atoms to the common acac ligand) has gained great popularity as a supporting ligand. Unlike acetylacetonate (acac), the β-diketiminate ligand scaffold offers steric protection at the metal center through the choice of N-substituents; this makes β-diketiminates less labile and more suitable as spectator ligands. β-Diketiminate ligands are typically synthesized from condensation of a β-diketone and an amine, and chemists have only scratched the surface of the thousands of potential combinations. 4 N-Aryl β-diketiminate ligands have been most widely used, and they support a variety of metals in many oxidation states. Complexes of N-aryl β-diketiminates have shown great reactivity and selectivity for a variety of methodologies, 4, 5 In postdoctoral work at Minnesota with William Tolman, he learned to love β-diketiminates through the synthesis of copper complexes. In his independent career, he has explored the use of β-diketiminate complexes of iron, cobalt and nickel, as applied to N 2 reduction, C-H oxidation, redox-active ligands, new bonding environments, and novel reactivity. He was on the faculty at the University of Rochester from 2000-2013, and is now a Professor of Chemistry at Yale University.
in dimeric metal complexes is often influenced by the different substituents on the ligand (Table 1) . However, there is no clear correlation between the substituent size and the angle, indicating that this angle is dependent on the bonding at the metal as well as steric interactions between the ligands on the two sides.
One trend that emerges is that higher coordination numbers can be achieved with smaller β-diketiminate supporting ligands. For example, more solvent molecules (THF, arene, etc.) and neutral ligands (CO, PPh 3 , etc.) can be coordinated to a metal center with less sterically hindered β-diketiminate in When the backbone (β-C) substituent size increases (H < Me < CF 3 < tBu, Ph), the steric conflict between backbone (β-C) substituents and N-aryl groups escalates, pushing the N-aryl rings closer to the metal and forcing them into a more rigid configuration. As a consequence of this "buttressing effect", the metal center often moves deeper into the β-diketiminate binding pocket. This brings three changes to the structure: it typically increases the N-M-N bite angle, increases the C(aryl)-N-C(β) bond angle, and shortens the N-M bond length (see Table 3 ). Bulky substituents on the N-aryl may also affect the bonding to other ligands (see Table 4 The choice of N-aryl substituent has a smaller influence on the bite angle, C(aryl)-N-C(β) bond angle and N-M bond length in most cases. However, changing N-aryl substituents can build up steric bulk above and below the N-M-N plane, which can significantly influence the distance from the metal to the other ligands. In general, more hindered N-aryl substituents lead to a longer M-L bond (Table 4) .
Other modifications of β-diketiminate ligands, including installation of functional groups on the backbone α-C, or on the para-position of the N-aryl substituents, have little influence on the core structural parameters of β-diketiminate metal complexes.
The geometry and conformation of metal complexes can also be changed with modification of the supporting β-diketiminate ligand. The zirconium center in L Me,R Zr(CH 2 Ph) 3 (R = iPr, p-Me) 94 adopts a square pyramidal geometry with a crystallographic mirror plane passing through it. However, the relative orientation of the ligand planes shows differences (Fig. 2) . Without ortho-substitution on N-aryl, the β-diketiminate ligand plane in L Me,pMe Zr(CH 2 Ph) 3 forms an angle of 67.7(3)°with the 
Complex
Ligand Table 4 Steric effects of N-aryl substituents on structural properties least squares plane defined by C(Bn)-C(Bn)-N-N. In contrast, the angle between the ligand planes in L Me,Me Zr(CH 2 Ph) 3 is only 7.0(3)°. Presumably, this difference is due to steric conflict between the benzyl and N-aryl substituents. N-Aryloxy-β-diketiminate zirconium complexes also showed a different orientation depending on steric bulk (Scheme 1). 95 Bridged aryloxides were observed with one meta-tBu on the N-aryl, but the presence of a second meta-tBu group gave steric conflict that resulted in the isolation of a dimer with bridging chlorides instead. In the same system, the L 2 Zr complexes also showed conformational differences where the bulkier ligand adopted a trigonal prismatic geometry (Fig. 3) . The solution structure of the metal complex can be affected by different steric bulk as well. For example, two sets of peaks were observed in 1 VCl 2 in toluene gave an inverted sandwich complex. Rather, the authors surmised that the steric conflict between N-aryl and backbone phenyl group twisted the N-aryl group, destabilizing the LV intermediate and bringing about the reductive C-N bond cleavage of the ligand.
In another example, oxidation of a chromium(II) complex gave a highly reactive chromium oxo complex. However, the attempt to generate a chromium oxo complex gave different products depending on the steric bulk of different β-diketiminate ligands (Scheme 5). 38 
Steric effect on activity of metal complexes
Varying the steric bulk of the β-diketiminate ligand has a significant effect on activity of metal complexes in both stoichiometric and catalytic reactions. In most cases, a more sterically hindered β-diketiminate ligand builds up steric tension in transition states or intermediates, which raises the activation barrier and slows the reaction rates. However, the added steric bulk has advantages because it can enable the isolation of transient intermediates.
The single-electron oxidative addition of organic halides to chromium(II) complexes (Scheme 8) illustrated the steric effect of ortho-substituents on the N-aryl group. 62 98 The authors proposed that a β-diketiminate nickel hydride complex was the active catalyst, which would proceed through insertion, β-hydride elimination and chain walking to generate internal alkenes. This makes sense if β-hydride elimination is the rate-limiting step, because larger β-diketiminate substituents would prevent the increase in coordination number. In a demonstration of this idea in a stoichiometric reaction, L The mechanism of alkyne insertion was also studied in detail with isolated β-diketiminate iron hydride complexes. The rate of alkyne insertion was first order in [FeH] the less hindered complex had higher reactivity. In a related B-C bond cleavage reaction, two mechanisms were proposed: the less hindered iron complex undergoes single iron-hydride opening followed by insertion, while the more hindered L t Bu,iPr system can completely dissociate to a reactive monomer. (Fig. 4) . The different orientation of N-aryl with respect to the ligand backbone shows more opening above the imido nitrogen, which results in a larger binding pocket for hydrocarbon substrates (Fig. 5) .
Increasing the steric bulk of the β-diketiminate can also prevent formation of certain metal complexes due to steric blocking. In an example, β-diketiminate zirconium tribenzyl complex (L Me,p-Me Zr(CH 2 Ph) 3 ) can be synthesized through alkane elimination between tetra-alkyl zirconium(IV) and β-diketimines. However, more sterically hindered metal complexes are favored in some cases because a sterically crowded environment can facilitate intramolecular reactions or increase the concentration of key unsaturated species. An example comes In addition, metal-alkyl homolysis is influenced by ligand size. Since chromium(III) alkyl mediated radical polymerization often involves homolysis of the Cr-C bond to gain chain growth, more sterically hindered β-diketiminate ligand increases the Cr-C bond distances (see Table 4 ), giving a lower BDE, and increasing the rate of homolysis and thus rate of polymerization. 112, 113 Catalytic carbodiimide formation from isocyanide and organic azide with a diketiminate-iron(I) catalyst gave significantly higher yields with a more sterically bulky catalyst (L t Bu,iPr > L Me,Ph3 > L Me,iPr ). The proposed mechanism involves loss of one molecule of coordinated isocyanide before turning over the catalytic cycle. Not surprisingly, more hindered complexes favor a lower coordination number, which facilitates the loss of isocyanide, production of an active site, and turnover of the catalytic reaction. 114 LCrCp catalyzed oxygen atom transfer 38 (eqn (1) The steric effect for C-P cross-coupling catalyzed by LCrCp complexes is another interesting example, because the influence is different depending on the relative rate of oxidative addition and Cr-C homolysis. 117 For more reactive alkyl bromide substrates, more hindered L Me,Me CrCp or L Me,Me Cr(Cp)Br gave higher yields than less hindered asymmetric L Me,iPr/p-Me CrCp and L Me,iPr/p-Me Cr(Cp)Br. Because these substrates undergo rapid single electron oxidative addition, the rate determining step is homolysis of the Cr-C bond. As previously mentioned,
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the Cr-C BDE is lower with more hindered ligands, so these ligands speed the catalytic rate. On the other hand, for less active substrates like Cy-Cl, oxidative addition is rate limiting, and the rate is faster with the less hindering L Me,iPr/p-Me where one of the N-aryl groups has no ortho-substituents.
Steric effects on selectivity of metal complexes
Changing steric bulk can also influence the selectivity of reactions of β-diketiminate complexes. This is due to the conformational differences in the energy of the intermediate/ transition state with different steric hindrance. In one example, a vanadium(I) β-diketiminate complex catalyzed cyclotrimerization of terminal alkynes at room temperature to give trisubstituted benzenes, with a mixture of isomers. 34 98 It is believed that the crowded coordination environment restricted the rotation of C-C bond in Ni-alkyl complex, hindering the formation of trans-transition states. A bulkier L t Bu,iPr Co-alkyl complex isomerized alkenes with much higher cis selectivity, often greater than 6 : 1 cis/trans, but the L Me,iPr Co analogue gave poor selectivity.
In this cobalt(II) system, the preference of the L t Bu,iPr complex for isomerization of terminal alkenes to only the 2 position was also attributed to the bulk of the ligand above and below the N 2 Co plane. 88 
Electronic effects on β-diketiminate complexes
To tune the electronic properties of β-diketiminate ligands, various groups have been installed on the backbone (α-C and β-C) or on the N-aryl substituents. These modify the electron density at the metal center, which can affect the redox potential, IR frequency of other ligands, UV-Vis absorption maxima, and NMR chemical shifts. In addition, these electronic changes can also affect the reactivity through perturbation of the energy of transition states or intermediates. It should be borne in mind that many of the substituents used to change the electronic effects can also influence sterics as well, particularly on the backbone (β-C) and ortho positions of N-aryl groups.
Electronic effects on electron density and core structure of the metal center
Changes in electron density on the metal center can be monitored by various methods. Often, electron-withdrawing groups lead to more positive redox potentials, lower field chemical shifts in NMR spectra, and less backbonding into coordinated ligands, consistent with less electron density at the metal ion.
Copper and nickel complexes supported by β-diketiminate ligands bearing different electronic properties have been studied with cyclic voltammetry (Table 5) . Judging from the redox potentials in Table 5 , NO 2 and CF 3 have the strongest electronic effect, followed by CN and 3,5-bis(trifluroromethyl)-phenyl substituents. In addition, greater electronic effects result from substitutions on α-C and β-C, and less with N-aryl substituents. This is reasonable because the aryl ring is roughly perpendicular to the MN 2 C 3 plane, and thus there is little conjugation of the π-systems. In contrast, backbone substituents are in the plane of the ligand backbone, and thus can have a greater impact on the electron density of the metal center. The exception is the relatively small electronic effect from 3,5-bis(trifluoromethyl)phenyl substituents on the backbone (α-C), which is presumably again from lack of conjugation between the perpendicular π-systems. However, the electronic influence of N-aryl substituents is not negligible. For example, alkyl substituents on the N-aryl behaved as electron-donating groups when (Table 5) . 30 Another consequence of the changing redox potentials is the relative stability of certain oxidation levels. In L 2 Cu complexes, irreversible reductions were observed with Me , indicating that other factors also play a role. 86 Electronic modification can also have an impact on the positions of the maxima in electronic absorption (UV-Vis) spectra. β-Diketiminate complexes typically have a π → π* transition in the 300-400 nm region, which shifts to shorter wavelength with more electron-withdrawing substituents in LCu-(NCCH 3 ). 30 This suggests that electron-withdrawing groups lower the energy of the π orbital more than they do the π* orbital. The positions of d-d transitions was also studied in L 2 Cu complexes, where the d-d absorption bands shift toward shorter wavelength with electron withdrawing backbone substituents (α-C) and shift to longer wavelength with more electron donating substituents on the N-aryl group. 46 It is proposed that the ligand field was enhanced with electron donating substituents and thus affected the UV-Vis absorptions. IR and Raman peaks on coordinated diatomic ligands is another traditional method for quantifying the relative electron density of a metal center. The ν(CO) in LCu(CO) complexes and ν(OO) in LCu(O 2 ) each shift to higher frequency when electron withdrawing CF 3 groups were installed on the backbone β-C.
68
This is attributable to a less electron rich metal center that has weaker back-donation into ligand antibonding orbitals. The influence of m-CF 3 groups on the N-aryl substituents was less, again indicating a smaller influence from N-aryl substitution.
Due to the shielding or deshielding effect of substituents, the chemical shift in NMR spectra also indicates the electron density on metal center. For example, the chemical shift of the backbone (α-C) proton shifted downfield when CF 3 was substituted for CH 3 on backbone and for meta-positions on the N-aryl. 85 This is correlated to the deshielding effect with more electron withdrawing groups attached directly to the π system. Though the introduction of electron withdrawing groups hardly affects the metal ligand core structure, it can affect the coordination number as well as bonding properties in some cases. For example, when NO 2 was installed on backbone (α-C) of LCu-OAc, one molecule of methanol coordinated to the metal center, but no coordinated methanol was observed with CN Lewis acidity of the metal with more electron-withdrawing substitutents. 85 
Electronic effects on reactivity of metal complexes
Changes of electron density on the metal center can have a significant effect on reactivity of metal complexes. For example, the oxidative addition of methyl iodide to mixed-aryl LCrCp complexes (Scheme 8) is affected by electronic substituents on para-N-aryl (OMe, Me, H, CF 3 ). 97 There was a correlation between the para-substituent and the rate constant, with the rate constant decreasing two-fold from most electron-donating ( para-OMe, k obs = (9.80 ± 0.3) × 10 −1 M −1 s −1 ) to most electronwithdrawing ( para-CF 3 , k obs = (4.96 ± 0.3)×10 −1 M −1 s −1 ) substituent. Even though the solid-state structures indicate that the N-aryl planes are aligned roughly perpendicular to the metalligand plane, the authors noted that the lack of ortho-substituents may allow the N-aryl to rotate closer to the diketiminate plane in solution, enabling some conjugation. In this way, the more electron-donating substituents can stabilize the chromium(III) product, which could lower the barrier if Hammond's postulate holds.
In another example, catalytic oxidation of alkanes to alcohols and ketones was reported with LCu(OAc) as a catalyst (Scheme 14). 90 When LCu(OAc) was supported by a more electron-withdrawing β-diketiminate ligand, the catalytic reactivity was higher. The results were rationalized through a mechanistic model where the reactions proceed through a metal-based oxidant, based on the observed kinetic isotope effect and regioselectivity. 120 Thus, more electron withdrawing groups would give more unstable and energetic high-valent copper intermediates that are more reactive toward the alkane. The previously mentioned nickel catalyzed polymerization of styrene and norbornene (see section 3.3) showed a strong influence of the β-diketiminate ligand electronic properties.
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The substitution of backbone methyl with trifluoromethyl significantly improved the catalytic reactivity. 104, 105, 121 This can be explained if the more electrophilic nickel center has a lower activation energy for alkene insertion during rate-limiting chain growth.
Conclusions
The examples in this Perspective support the idea that β-diketiminate ligands have great tunability in terms of both steric and electronic effects, and they point future chemists in the directions that could benefit their own chemistry. The β-C and N-aryl ortho substituents are most important for steric effects, whereas the α-C and β-C positions are most influential for electronic effects. N-Aryl groups can have a small electronic influence, but this has been best documented when there are no ortho-substituents and the N-aryl group can rotate closer to planarity with the ligand backbone. In contrast, the steric effects are more varied, because they can change the structure and transition states in different ways depending on the specific coordination number, reaction, and co-ligands. However, the ability of relatively small changes to cause structural, spectroscopic, and reactivity differences suggests that further tuning will uncover multitudes of new chemistry. We note particularly that chiral substituents have only been used in β-diketiminate ligands with N-benzyl substituents, [122] [123] [124] [125] and incorporation of chiral anilines should be a fruitful area for preparation of C 1 and C 2 symmetric complexes.
